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A Barrier to Trap Filling in Culn;_Ga,Se;

David L. Young, Kannan Ramanathan, Miguel Contreras, Jehad AbuShama, Richard S. Crandall
National Renewable Energy Laboratory, 1617 Cole Blvd., Golden, CO 80401

ABSTRACT

Voltage pulses of variable length were applied to Culn; 4GaxSe,/CdS (0 <x < 1) junction
solar cells. The resulting transient capacitance emission signal was recorded for several minutes.
The amplitude of the capacitance emission signal increased linearly with the log of pulse time.
These data do not follow the standard model for trap capture and emission of carriers. Instead
they follow a simple electrostatic model based on electrostatic charging of traps.

INTRODUCTION

The Culn; GasSe, material system is one of the leading candidates for low-cost
absorbers for thin-film solar cells achieving efficiencies over 19% [1]. Device performance
correlates with the density [2,3] and energy [4] of defect levels detected by capacitance
techniques with a maximum efficiency occurring at x ~ 0.3. Theoretical studies have assigned
defect transition energy levels in the bandgap to specific crystalline defects[5]. However,
metastabilities in the material system complicate the assignments of experimental and theoretical
defect levels [6-10].

The nature of electronic traps is commonly studied using deep-level transient
spectroscopy (DLTS) methods. DLTS approaches can determine defect energy levels relative to
band edges (majority or minority trap), as well their trapping cross-section (o) [11,12]. The
charge emission-rate and ¢ are important quantities for determining whether a defect functions
as a recombination center or a shallow trap. This knowledge is especially important for
photovoltaic (PV) materials because recombination limits the available photocurrent of the solar
cell.

The most reliable method to determine o is to measure the density of trapped charge as a
function of trap-filling pulse time (#,) in a junction device structure. The density of filled traps
(N should increase linearly with time at short #, and finally saturate when charge is being
emitted as fast as it is being captured. This process should obey the following equation [11]:

t

P

N, ()= No{l —e ™ |, where N, is the saturated defect density and z. is the characteristic time

containing o.
This paper outlines a failed attempt to determine ¢ in Culn;.1GaxSe, using the above

t
equation. Instead we find that Ny(?) obeys the expression: N (1)=A,In 1+ t—” , where 4, is a

o

constant and 7, is a characteristic time. Similar behavior was observed in a-Si [13], GaAs [14],
and Ge3Sip7/Si [15]. A model [13] explaining these results is based on the realization that the
traps are clustered, rather than uniformly distributed. Trap-filling charges these regions thus
producing a potential barrier to further filling.



MATERIAL PREPARATION

Thin films of p-type Culn;_GaySe, were grown by co-evaporation using a “3-stage”
process [16] onto molybdenum-coated, soda-lime glass substrates. Diodes were formed by
depositing a thin film of n-type CdS by chemical-bath deposition onto the Culn; \GaSe; layer.
Devices were completed with an intrinsic ZnO layer and a conducting ZnO:Al layer, followed by
Ni/Al contact grids. Isolation of individual cells was achieved by mechanical scribing to define
an active region of about 0.43 cm®.

CAPACITANCE MEASUREMENT

The junction of a Culn;_\Ga,Se,/CdS solar cell device is thought to be p'/n+, thus
confining the depletion region mainly to the Culn;.«GasSe; layer. To determine the charge
trapped on metastable defects in the Culn;_4Ga,Se, material, we apply the familiar junction-
capacitance method [11]. The experimental procedure is as follows: First, a reverse bias of - 0.5
V is applied for several hours to allow the device to come to a steady state. Next, a - 0.1 V bias
pulse of varying length (z, = 10°-10%s) injects charge into the depletion width. Following the
pulse, the - 0.5 V bias is immediately reapplied. Immediately following the bias pulse, the
capacitance (C(t)) is recorded for five to seven decades of time until C(t) returns to its initial
value, C,. The voltage, acquisition triggering, and time are computer controlled. The
capacitance is determined using a lock-in amplifier (Stanford Instruments Model 850) calibrated
with a standard capacitor in place of the sample. Usually, the applied ac test signal is 10 kHz at
0.03 V rms. The initial capacitance is recorded before each pulse, giving the baseline value C,.
Data were collected at a rate of 50,000 samples/second. Signal averaging and storing data only at
logarithmic time intervals reduces the data set to a more manageable size. For the data presented
here, devices were measured in the dark at room temperature. The capacitance change during
the transient (AC = C(t)-C,) is converted to trap density (N;) by using the relation [11] N, =
2N,AC/C,, with N, the total defect density.
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Figure 2. AC/C, vs voltage pulse time. Circles are data
THEORY points. The dark line is a fit to the data by equation 3.
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Following the work with a-Si [13] we assume the Culn; (Ga,Se, material is
inhomogeneous and filled with a random distribution of clustered traps. During the filling pulse,
these traps acquire charge that increases with time. However, a Coulomb repulsion energy
barrier builds over time, which hinders further trapping of charge. The potential of the trap is @
= Ny, where N, is the density of the carriers captured by the trap during the filling time, #,, and /'

is a model-dependent coupling factor. N, varies with time for the filling of traps according to the
first-order rate equation,

dN
S =nW,,. (N, —N.(t)),
dl‘ Sill g( > (1)

where 7 in the density of valence-band holes, N, is the total density of traps, and W 1s the
filling probability having units of cm’/s and related to o via Wining = o<vr>, where<vr> is the
average thermal velocity of the carriers. The equilibrium defect levels, N,, were measured by
drive-level capacitance profiling [17] at the equilibrium bias used for the voltage pulse
experiments (-0.5 V). If n is a constant, eqn (1) has a trivial solution. However, as the traps
become charged, # is reduced in the vicinity of the charge distribution. If we assume the carrier
density follows a Boltzmann distribution with 7, the carrier density far from the trap, then eqn
(1) reduces to

dN (1) ed —eN.f
7 ~ WﬁllingNono exp[— kBTJ = W/}lllingNono exp[ kBT J

; 2

where kg is Boltzmann’s constant and 7 is absolute temperature. Forcing all traps to be empty at

t = 0 (Ns(0) = 0) and relating Ny(?) to capacitance via the depletion-width approximation [11,18]
gives
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with constants
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DISCUSSION

Figure 2 shows the fit to the data by eqn. (3). Similar excellent fits are common for both
CulnSe, and CuGaSe; samples. Table I gives fit parameters for several Culn; yGa,Se, samples.
Clearly, the amplitude of the change in capacitance varies as the natural log of the voltage pulse
length. This same relationship was found by Crandall on a-Si solar cells [13] and by Wosinski et
al. [14] in plastically deformed GaAs, but without the saturation in signal at long pulse times.
Grillot et al. [15] found that Ge, 3Siy 7/Si heterostructures followed eqn. (3), with signal
saturation strongly dependent on sample preparation. However, this trend is in clear contrast to
similar data taken on Ge bicrystals, where the amplitude of the change in capacitance varied
according to a power law of #,, and did saturate at long pulse times [19]. It is interesting to note
the greater similarity of our polycrystalline material data to that of the amorphous material and
the deformed GaAs, as opposed to the Ge bicrystal. Perhaps a comparison of the defects in each
of these materials to those in Culn; \GaxSe, [5] will shed light on the origin of the observed traps
in this material system.

Table I. Fit and calculated parameters

Sample A, to N, (cm'3) Radius n, c
(Culn,Ga,Se,) (-0.5V) (nm) (cm™) (cm?)
S2051 (x=0.3) | 7.34x10° | 3.86x 10 5x10™° 18 5x10"° 8x 10>
S2038 (x=0.3) | 9.68x10° | 9.89x10° | 42x10" 55 4x10™ 4x107%
Scl1391 (x=1.0) | 7.28x10° | 2.36x 10" | 2.2x10" 9 8x10"° 7x107%
S2044 (x=0.0) | 1.70x 107 | 6.81x 10~ | 1.57x 10" 22 2x10"° 3x107%

If we assume the charging centers are spherical (as opposed to say, parallel cylinders),
then the coupling factor becomes, /' = eR’/3&, where e is the elemental charge, R is the radius of
the sphere, and ¢ is the dielectric constant of the material. With f'so defined the constant A, may
be related to the radius of the spherical traps. Table I gives the calculated radii of these
hypothetical traps. The calculated radial dimensions of the hypothetical charging spheres are of
the same order of magnitude as the smallest polycrystalline “grains” seen by Romero et al. using
scanning electron microscopy images and by spectrally resolved cathodoluminescence data [20].
Their data show a shallow defect concentrated on the outer “skin” of the grains. This
dimensional coincidence may imply that the charging is taking place at the surface of the grains.
Single-crystal samples need to be tested to verify this.

Capture cross-sections for the observed traps may be calculated from the fit parameters
A4, and 1, ((eqn (4)) and the definition of Wj;n, given earlier. Table I gives the calculated cross-
sections of the samples. Obviously, they are surprisingly small, but do agree somewhat with
DLTS data [21]. Perhaps either the meaning of cross-section for this trap needs to be
reconsidered or the small cross-sections for the capture of carriers on these traps may imply they



are benign in terms of device performance. Alternatively, the small, calculated cross-section
could be due to a repulsive barrier superimposed onto the charging barrier from the traps [22].
More detailed study of this effect is ongoing.

Finally, the data of Figs. 1 and 2 have significant implications for the applicability of the
traditional DLTS technique for the Culn; Ga,Se, material system. The decays of Fig. 1 are
neither exponential nor do they represent a single defect. A single exponential decay is a main
assumption in DLTS theory. The data of Fig. 2 imply that the traps are not saturated during
typical DLTS pulse lengths. Nonsaturation of traps during a DLTS “filling pulse” gives
erroneous trap densities.
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